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The Exoplanet Exploration Program:
Exploring New Worlds

ExoPlanet Exploration Program

Exploring How the Universe Works
Discovering and Characterizing Exoplanets
Searching for Signs of Life in the Galaxy

Space Missions and Mission Studies ~ PubllC Engagement
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Supporting Research & Technology

Key Sustaining Research Archives, Tools & Professional Education
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Exoplanet Exploration: A Decade Horizon
NASA and related ESA efforts

&

Nl

ExoPlanet Exploration Program

FiscalYear 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024
|
Kepler Prime Mission Proposed K2 >
Keck Single Aperture Science
Telescopes
Spitzer >
Great |
Ol?servatory HST >
Science >
| JWST - MIRI, NIRCAM
Explorer Science | TESS >
| ESA/GAIA >
European Science
P | ESAJCHEOPS > ESA/M3 >
LBTI or
Mid-decade 2020 Decadal
WEFIRST-AFTA Review Survey
.
ulensing+ A F-e PhA Formulation Implementation
+Coronagraph ‘. Astrophysics Decadpl Strategic Mission LRI
Technology SAT+Directed SAT+Directed NWNH Mission-Focused
‘ i A /\
cep
Exoplanet i e L RL 6
Coronagraph Prole —-
New Worlds Exoplanet Decadal Preparation NWNH Exoplanet Mission
Mission Starshade Probe A pncept

URSCL#14-0506
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Program defines Success as three compelling, viable mission
concept reports by 1/31/15 with CATE by 2/28/15




Astrophysics Budget Strategy %

ExoPlanet Exploration Program

In order to be prepared for a new mission, a near term program of
science definition teams, mission concept studies and technology
development is being undertaken with the goal of informing a mid-
decade decision on whether to begin formulation.

Moderate missions (“probes”) are being studied, in addition to a large

mission (WFIRST), to be prepared for a mid-decade decision.

Mission concepts studied derive from the science objectives of the

prioritized missions and recommendations in the 2010 Decadal Survey.
AFTA (WFIRST using existing 2.4 m telescopes)

WFIRST (2 design reference missions already studied, including WFIRST-
probe)

X-ray Astrophysics Probe (moderate mission addressing |XO science)
Exoplanet Probes (moderate missions using internal or external occulters)

URSCL#13-4970



Preparing the next strategic mission %

FY2012 | FY2013 | FY2014 FY2015 FY2016 m

Spring 2013: Begin AFTA Winter 2015: Final SDT Complete NRC Formt:lartti(f)n
studies following —; reports to NASA and > Mid-Decade > "es"t"r:t:gic“
Administrator’s decision CAA; CATE on each Hevew mission
¥ v A
Identified SDT studies: Spring 2015: NRC study Hevte plants &
Versions of WFIRST (2012) of all SDT reports i)
Exoplanet probe(s) (2013) resulting in a NRC letter Mid-Decade |
X-ray probe (2013) = | report PEE R
Spring 2014: Interim SDT
reports to NASA and CAA L
. Initiate NRC Mid-Decade u
Review

Astrophysics Astrophysics
Implementation Roadmap
Plan (CY2012) (CY2013)

Start Pre-formulation for new

—) strategic mission
* Directed/Focusedtechnology
development

ESA’s L2/L3 process

Directed Technologyinvestments for prime candidate

Technology Investments through SAT for prioritization Technology Investments through SAT for 2020 Decadal Survey

Continuing advice from the Committee on Astronomy and Astrophysics on decadal survey implementation
URSCLRTIZ970




AFTA Coronagraph: Architecture Selection m

ExoPlanet Exploration Program

e AFTA Coronagraph Working Group completed
intensive workshops during July-Dec 2013

I -

e 12/23: Coronagraph architectures selected for . VWide-Field TraRed Survey Telescope- -
. : Astrophysics Focused Telescope Assets
continued study: %= WFIRST-AFTA. . -
«Final Report

by the

— Primary: Occulting Mask Coronagraph (OMC), single , sC.enceogf.QytionTegnw<soT)a.nd WFIRST Projec
optical design incorporating both Hybrid Lyot (HL) (it ke
and Shaped Pupil (SP) masks

— Backup: Phase Induced Amplitude Apodization
Complex Mask Coronagraph (PIAA-CMC)

e Observatory jitter analysis phased forward. Latest
jitter estimates (lower) plus re-optimized HL
permits detection of ~18 existing RV planets.

e Next steps on coronagraph:
— Prepare milestones (1/31) and final tech plan (2/28)

— Implement competed technology per plan (more
than just masks)

e H4RG-10 detectors: 3 of 4 under test GSFC

URSCL#14-0035 9




Probe-Scale Missions %
[ S5

ExoPlanet Exploration Program

e Trades well underway, preparation of interim report
e [nitial Aerospace review of baseline concepts
e Science evaluations suggest compelling science
e Exo-C (Coronagraph)
— Primary mirror 1.5m

— Kepler-class telescope and spacecraft

— Thermal and pointing architectures settled
— Earth-trailing orbit

e Exo-S (Starshade)
— Earth-leading orbit

— Starshade stationary, telescope moves

— Primary mirror 1.1m
EXO-S

e Technology gap lists and plans being prepared, prioritized

URSCL#14-0035 10



Probe-Scale Missions %
[

ExoPlanet Exploration Program

e Two probe-scale (S1B) mission concepts under development by
Science and Technology Definition Teams (STDTs)
— Exo-S (Starshade, or External Occulter) Sara Seager, MIT, chair
— Exo-C (Coronagraph) Karl Stapelfeldt, GSFC, chair

e Purposes: Alternatives for FY17 new mission start, motivate
technology investments, potential candidates for 2020 Decadal

External Occulter

Coronagraph

URSCL#14-0059 "



Karl Stapelfeldt
GSFC

Chairperson

STDT Membership

Last First Organization
* Stapelfeldt Karl NASA Goddard Space Flight Center
Belikov Rus NASA Ames Research Center
Bryden Geoff Jet Propulsion Laboratory
Cahoy Kerri Massachusetts Inst. of Technology
Chakrabarti Supriya Univ. of Massachusetts, Lowell
Marley Mark NASA Ames Research Center
McElwain Michael NASA Goddard Space Flight Center
Meadows Vikki Univ. of Washington
Serabyn Gene Jet Propulsion Laboratory
Trauger John Jet Propulsion Laboratory
* Chair

Last First Organization
* Seager Sara Massachusetts Inst. of Technology
Cash Webster Univ. of Colorado
Domagal-Goldman [Shawn NASA Goddard Space Flight Center
Kasdin N. Jeremy Princeton Univ.
Kuchner Marc NASA Goddard Space Flight Center
Roberge Aki NASA Goddard Space Flight Center
Shaklan Stuart Jet Propulsion Laboratory
Sparks William Space Telescope Science Institute
Thomson Mark Jet Propulsion Laboratory
Turnbull Margaret Global Science Institute
* Chair

URSCL#13-4970

ExoPlanet Exploration Program

Sara Seager
MIT

Chairperson
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Prioritization:

A
&

|
4',

the Technology Gap List

e Technology gaps identified Bl and described,

gaps technically quantified

e Prioritized for relative

Trend

e AFTA TGL described to
SMD/STMD

e Next steps: do same for
Starshade, Probe
Coronagraph

=
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AFTA-WFIRST Coronagraph Technology Development m
Top-Level Schedule o

TN |
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Importance, Urgency, and

e Plans created to
retire the top
priorities in time

&

ExoPlanet Exploration Program
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STARSHADE

Technology Gap Lists: Key Gaps

ID Title Description

S-1 Control of Sunlight scattered from
Scattered starshade edges and
Sunlight surfaces risks being the

dominant source of
measurement noise.

§-2 Starshade Demonstrate that an
Deployment  starshade can be

deployed to within the
budgeted tolerances.

§-3 Validationof Experimentally validate
starshade the equations that
optical models predict the contrasts

achievable with a
starshade

S-4 Thermal & The deployed
Mechanical tolerances must be
Dynamic maintained under
Stability typical observing

conditions, including
starshade rotation.

S-5 Formation Demonstrate that the
Flying GN&C  GN&C system foran

occulter will enable the
required slew from star
to star and positional
stability for science
observations.

S§-6 Flight Demonstrate using
Performance experimental data and
System validated thermo-
Modeling mechanical and optical

models that the full-

scale flight occulter will
achieve its baseline
performance.

e Gap lists are work-in-
progress by Probe STDTs,
per their charter

e These program summaries
will form basis of next
Technology Plan Appendix,
referenced by TDEM-13 call

e Intended Result: quality
proposals that address the
breadth of top priorities

See Lawson, AAS 2014, and
upcoming Tech Plan Appendix

ExoPlanet Exploration Program

CORONAGRAPH

URSCL#14-0035

ID Title Description

C-1 Starlight Masks, apodizers, or
suppression  beam-shaping optics to
optics provide improved

planet detection
capability.

C-2 Low-order Slowly varying large-
Wavefront scale optical
Sensing & aberrations may mimic
Control the signature of an

exoplanet.

C-3 Exoplanet High-fidelity
detection laboratory contrast
under flight-  demonstrations that
like conditions include simulated

science targets and
flight-like
perturbations.

C-4 Deformable Maturation of
mirrors deformable mirror

technology to flight
readiness.

C-5 Pointing Validation of pointing
Control control design for
System Design instrument fine

steering mirror and
spacecraft body
pointing.

C-6 Flight Demonstrate using
Performance experimental data and
System validated thermo-
Modeling mechanical and optical

models that the full-
scale flight
coronagraph will
achieve its baseline
performance.
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Coronagraph Technologies

Pupil Masking (Kasdin,
Princeton University)

e EXEP Technology Plan
Appendix:

e http://exep.jpl.nasa.gov/
technology/

ExoPlanet Exploration Program

Table A.3 Coronagraph Technology Gaps Listed in Priority Order.

ID Title Description Current Required

C-1 Specialized Masks, apodizers, or Alinear mask design  Circularly symmetric masks
Coronagraph beam-shaping optics has yielded 3.2x10-1¢  with a larger discovery space
Optics to provide improved mean raw contrast and IWA < 34/D with contrasts

planet detection from 3-16 A/D with £ 1x10-% for NWNH.
capability. 10% bandwidth

using an unobscured

pupil in a static lab

demonstration.

C-2% Low-order Slowly varying large- Tip/tilt errors have Tip/tilt, focus, astigmatism,
Wavefront scale optical been sensed and and coma sensed and
Sensing & aberrations may corrected in vacuum  corrected simultaneously to
Control mimic the signature of  with a stability of maintain raw contrasts of

an exoplanet. 0.001 A/D at sub- < 1x10-% for NWNH.
Hertz frequencies.

C-3* Coronagraph High-fidelity Star-only (no planet)  Testing in a flight-like dynamic
System-level laboratory contrast contrast environment with star, planet,
Performance demonstrations that demonstrations in and optical telescope assembly
Demonstration include simulated vacuum with an simulator with the telescope-

science targets and unobscured pupil specific pupil obscuration.
flight-like and semi-static
perturbations. wavefront errors.

C-4* Ultra-low Low-noise detectors Read noise of < 1 e- Read noise < 0.1e-/pixelina

Noise Detector  for exoplanet /pixel has been = 2k x 2k format in a flight-like
characterization with demonstrated with radiation environment.
an Integral Field EMCCDsina 1k x 1k
Spectrograph. format.

C-5 Deformable Maturation of Xinetics DMs and Development of flight-like

mirrors deformable mirror MEMS DMs have electronics. Full environmental
technology toward undergone partial system testing with post-test
flight readiness. environmental performance validation.
testing (see text).
C-6% Post- Techniques are Planets with Techniques must enable

processing of
Data

needed to characterize
exoplanet spectra
from residual speckle
noise for typical
targets.

contrasts between
105 and 10-6 have
been detected in the
near infrared.

exoplanet characterization of
of exoplanets with contrasts
<10-10 for NWNH.

*Topic being addressed by directed-technology development for the AFTA coronagraph. To avoid redundancy,
coronagraph technologies that will be substantially advanced under the AFTA-WIFRST technology development are not
eligible for under the auspices of the SAT Program.

LRR012596



AFTA-WFIRST Coronagraph
Technology Development Top-Level Schedule

FY13

M(J|J|A[S|O|N(D|J|F|MAM

FY14

FY15 FY16

ExoPlanet Exploration Program

Mask/Apodizer Fabrication

1/30

AFTA Prpposal
. ) Submitted to NASA HQ TRL 5 Review onagraph Downgelect TRL 6 Review
AFTA-WFIRST Project Milestones 115/ 101 6
Rac:omm. to HQ
ACWG | 12/13
Coronagraph Downselect Final Brief /7 HQ Decision
to TAG : 12/6| 1/7
i 10.5 85 3—
LOWFS$/C
Static Mask 2hd  Static, Static, Clos¢d Dynamic
. . : TRR Iteratign 2% BW 10% BW Loop TRR Dynamigii 0% BW
High Contrast Imaging TestbedH1 -111:1 I \/ Vi Vi / I/ /30
: 411 112 1015
LOWFS/C
H tatic Mask 2nd Static, Statid Closed Dynamic
h C | T b d 2 TRR Ilteration 2% BW 10% BW Loop TRR Dynamigi1 0% BW, SR>70
i ontrast Imaging Testbed- \ Vi Vi Vi 9/30 _
g g g 112 6112 GLOSSARY:

ACWG - AFTA Coronagraph Working Group
LOWFS/C - Low Order Wavefront Sensing and Control
FSDM - Fast Steering Deformable Mirror
IFS - Integral Field Spectrograph

CRR - Concept Readiness Review

10417 51227116 10/15 119 TRR - Test Readiness Review
: #1 Clgsed SRR - System Requirements Review
: CRR TRR  LoopPemo || |10/13 SR - Spectral Resolution
LOWFS/C : [ [$> SN #2 Closed
. 11s 5/19 51 7113 Loop Demo % [Critical Path still in development
. - ; Lo Environ Test
FSDM Environmental Testing : \ <> Complete
Selection for 11/1 Detector  Radiatior] ;};sting 4/6 9/t
Tech Demo Characterized Compl
H Det. w/Flight-like
IFS Detector i[ \/ L AL Electronics Tosted
1;1/5 3N 5/15 9 2112
Start work a!' GSFC SR>70 Verified Del to JPL Testbed
IFS 5
9/15 : 9/15 11/2
1e-9 Confrast 1e-9 Contrast
. ; in Static Environ in Dynamic Environ
Post-Data Processing : l \/ AV,
: 5/9 9/243 3/31 Qual
H Start SRR PDR CDR TRR Comp
Flight-Like Eng Dev Unit (EDU) ; I 3 43 > < 9/30
: 115 6/24 3119 11/22 7131
V Milestone ¥ Completed Milestone O Review ® Completed Review === Critical Path I Margin/Reserve

URSCL#13-5453
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L ExoPlanet Exploration Program

BACKUP
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Coronagraph Instrument: Several Technologies
Example: Classical Lyot Coronagraph Design

high—order wavefront control loop
(WF aberrations due to imperfections in optics)

The architecture Imaging
downselecl\ FPA
1t
Simulated .
light from g |_:)M #1 N Ellp
star and with FSM Mirror
planet
" low-order wavefront control loop |
(WF aberrations due to thermal .
\ ... Changes) v
_ jitter correction loop
] Optics (pointing stability) 5¢6t-processing
smn Control
|:| Detector
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ExEP
Coronagraph Mask Architectures

HLC PIAACMC

Lry,

Loy
llllll

Pupil Masking (Kasdin, Image Plane Amplitude & Phas ép” MaFl’inf‘g Ari
Princeton University) Mask (Trauger, JPL) uyon, Univ. Arizona)
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N NS
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! 'ﬂ.;.*--_ﬂ,__"", g q /% : Plates | Shear
=)s tud e A R \BS2 o v Mechanism
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Combined
Beams

fﬁqage Plane Visible Nulller - DAVINCI Visible Nuller - Phase Occulting
Phase Mask (Serabyn, JPL) (ésl,:goe J;L)er (Clampin, NASA GSFC)
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